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a b s t r a c t
At Mont Terri Underground Research Laboratory (URL) Switzerland, a speciﬁc experiment has been per-
formed in a tunnel, in order to investigate the hydro-mechano-chemical (HMC) perturbations induced in
the argillaceous formation by forced ventilation. This experiment has been selected in the international
project DECOVALEX to be used for process model development and validation. The numerical simula-
tion of the geochemical response to the ventilation experiment (VE) is the object of the present paper,
focusing on the transport of chloride as a conservative species and sulphate as a reactive species. Uti-
lising the validated hydro-mechanical (HM) results from earlier steps of the DECOVALEX task, reactiveumerical modelling
ont Terri Underground Research
aboratory (URL)
entilation experiment (VE)
rgillite
hloride
and non-reactive transport models, incorporating the current understanding of the geochemistry at the
site, were successfully constructed for the whole experimental period. The associated parametric and
process uncertainty analyses clearly demonstrate that the basic HM understanding must be sound. How-
ever, to demonstrate this degree of robustness, the explicit inclusion of process representations of water
desaturation, liquid vaporisation, species exclusion porosity, and redox processes, is required.
© 2013 Production and hosting by Elsevier B.V. on behalf of Institute of Rock and Soil Mechanics,
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. Introduction
The safety case for a radioactive waste disposal facility in a deep
eological formation is likely to be supported to a large extent by
he ability of the proponent to demonstrate a good fundamental
nderstanding of the evolution of the system under construc-
ion, disposal and closure conditions. Among a number of different
ossible host-rocks, argillites are being investigated by several
ountries. Demonstration and development of this understanding
ake heavy use of experimental investigations in the laboratory,
eld, devoted underground research laboratories (URLs), and on∗ Corresponding author. Tel.: +44 1925885951.
E-mail address: alexbond@quintessa.org (A. Bond).
eer review under responsibility of Institute of Rock and Soil Mechanics, Chinese
cademy of Sciences.
674-7755 © 2013 Production and hosting by Elsevier B.V. on behalf of Institute of
ock and Soil Mechanics, Chinese Academy of Sciences.
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hysical models and computer codes that describe and predict the
utcomes of such experiments. The Mont Terri URL was opened in
995 in an argillite layer (called ‘Opalinus clay’) in order to charac-
erise and study the geological, hydrogeological, geochemical and
eotechnical properties of this clay formation. A large number of
nstrumented experiments have been designed and installed, thus
upplying a signiﬁcant amount of data which can be further used
ormodel validation. The ventilation experiment (VE) has been car-
ied out at the Mont Terri URL to study the desaturation process
hich may happen because of the forced ventilation in galleries
nd drifts, during the construction and operation phases of the
epository. Inparticular, it is expected that thedesaturationprocess
ill change thehydro-mechanical (HM)properties of the rock, thus
nﬂuencing the potential performance and safety characteristics of
he repository.
A speciﬁc task of the international project DECOVALEX-2011
acronym for DEvelopment of COdes and VALidation against
Xperiments), relates to predicting the consequences of hydro-
echanical-chemical (HMC) processes during the micro-tunnel
entilation. A preliminary task considered modelling a laboratory
rying test, in order to assess the ability of computer codes and
odellers to reproduce the main phenomena involved in the VE,
nd to identify a ﬁrst set of hydraulic parameters relevant to the
A. Bond et al. / Journal of Rock Mechanics and Geotechnical Engineering 5 (2013) 44–57 45
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Fig. 1. Location of the micro-tunnel in Mont Terri.
palinus clay. The main task then considered the different phases
f the VE itself: a ﬁrst period (‘Phase 0’) following the excavation of
he micro-tunnel in 1999, up to the installation of doors that allow
ontrolled ventilation of a portion of the micro-tunnel, and then
single resaturation–drying cycle (‘Phase 1’) ﬁnished in January
004. This was then followed by further desaturation–resaturation
ycles to the end of 2010, although datawere only available for this
nalysis (both descriptive and predictive) from May 2003 to April
007. In this paper, the main attention of the analysis is on the
eochemical data focusing on groundwater chloride and sulphate
ompositions, covering Phases 1 and 2.
. Ventilation experiment
.1. Brief description
The Mont Terri URL is located adjacent to a security gallery of a
otorway tunnel in northern Switzerland (Bossart and Nussbaum,
007). The URL is located at a depth of approximately 400m in the
palinus clay, a stiff layered Mesozoic clay of marine origin. After
he excavation of experimental niches in 1996, a new gallery was
xcavated in 1998, followed by a micro-tunnel of 1.3m diameter in
arly 1999. The VE took place in a 10m long section of this micro-
unnel as illustrated in Fig. 1.
After its excavation, the micro-tunnel was left without relative
umidity (RH) control for approximately 3.4 years. After this period
oors were installed in order to create a section of 10m length,
here the air inﬂow and the RH could be controlled and moni-ored (Fig. 2). The micro-tunnel was then subjected to two wetting
nd drying cycles. The ﬁrst cycle lasted from 8 July 2002 to 29
anuary 2004 (Phase 1). Initially 100% RH inﬂowing air wetted the
icro-tunnel and thenadesaturationperiodwasaffectedbyapply-
Instrumented section:
SA: Mini piezometers
SB: Humidity sensors
SC: TDRs
SD: Extensometers
SE: Geoelectric
Section SA3
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RH-out
Water pan 1
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Rear doors
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ig. 2. Controlled ventilation section in the micro-tunnel, and RH measurement
ocations.
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pig. 3. RH history of the test section (from Garitte et al., 2013). (For interpretation
f the references to colour in the text, the reader is referred to the web version of
his article.)
ng an air inﬂow at 2% RH. This ﬁrst cycle was then followed by a
econd cycle, and a ﬁnal resaturation which continued until 2010
Phase 2), although data were only made available until April 2007.
he corresponding total sequence of prescribed RH is illustrated in
ig. 3 (curve RH-in, in red).
The micro-tunnel was heavily instrumented with sensors for
H, pore pressure and displacement. Two water pans (Fig. 2) were
lso installed in order to record the evolution of their mass loss due
o the ventilation. The variation of the RH with time, at different
oints along the micro-tunnel, is shown in Fig. 3.
.2. Summary of HM behaviour
The HM response of the system was described in detail by
aritte et al. (2013). However, in general terms, the evolution of
he system can be described as follows:
1) A known rate of air with a deﬁned RH is input into the sealed
section of the tunnel.
2) Interaction between the water vapour in the tunnel and the
unlined tunnel host-rock results in vapour exchange between
the tunnel and the host-rock. Evaporation of liquid water from
the tunnel surface may also occur depending on local tunnel
RH.
3) Water vapour leaves the tunnel via a measurement gauge for
RH and air rate. The difference between points 1 and 3 men-
tioned above constitutes the tunnel water balance.
4) Loss of water from the host-rock to the tunnel as vapour causes
a reduction in water pressure and saturation as air invades the
formation from the host-rock.
5) The reduction in liquid pressure and RH around the tunnel
causes liquid water and water vapour (where presented) to
migrate towards the tunnel.
6) Desaturation and reduction in ﬂuid pressure cause reduction in
porevolumeand limited shrinkageof someof the rock skeleton,
causing a local net drop in volume of the host-rock.
7) The volumetric change of the host-rock causes localised stress
changes and is coupled with the hydraulic evolution through
a reduction in porosity, which creates a coupling with ﬂuid
pressures and intrinsic permeability.
The processes described above are illustrated in Fig. 4. The dom-
nant process models and those which have been represented by
hemodelling teams inDECOVALEX are therefore: vapour diffusion
nd advection in porous media and engineered volumes; viscous
ominated multi-phase ﬂow of air and water in porous media; and
oro-mechanical deformation of the host-rock.
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consistent. In Fig. 5, the curves show representative behaviour
for two selected boreholes. The data are shown as mg/kgFig. 4. Schematic concep
. Data summary and interpretation
.1. Data summary
The primary discussion of the geochemical analysis was pro-
ided by Fernandez et al. (2007a, b), which described the results of
our campaigns of data collection. Boreholes were drilled and rock-
ores were taken for geochemical and whole-rock analysis around
he following dates (Table 1). Note that these are a subset of the
oreholes drilled during these campaigns.
The pore water analysis was conducted using two techniques.
he majority of data were obtained through whole-rock analy-
is, whereby core samples were crushed and then leached using
solid to liquid ratio of 1:4, and the resulting ﬂuid can be analysed.
omedatawere also obtained through squeezing and the extracted
uid analysed. In all cases, consistency in the squeezing results
nd thewhole-rock analysiswas good, sufﬁcient to give conﬁdence
hat the obtained results were representative. These two different
orms of measurement give rise to two natural, but different ways
o describe the concentration of chloride in the porous medium.
he whole-rock analysis produces concentration per dry rock mass
mg/kg), while the squeezing analysis tends to give concentration
n thewaterextracted (mg/Lormol/L). Conversionbetween the two
nalytical methods requires knowledge of the absolute water con-
ent, ﬂuid saturations, total porosity and any geochemical porosity
xclusion effects for the species in question. Indeed, the estima-
ion of geochemical porosities for the Opalinus clay, as discussed
y Fernandez et al. (2007a, b) in the context of chloride exclusion,
able 1
oreholes used for geochemical analysis and their excavation dates.
Borehole Date
BVE-82 5 July 2002
BVE-85 26 January 2004
BVE-86 26 January 2004
BVE-97 2 May 2005
BVE-99 2 May 2005
BVE-100 2 May 2005
BVE-105 9 October 2006
BVE-106 9 October 2006
BVE-107 9 October 2006
BVE-109 9 October 2006
BVE-110 9 October 2006
F
todel of the HM system.
an be achieved through the comparison of these different analyses
or similar samples.
It should be noted that there is considerable uncertainty in
he sulphate analysis because of the tendency for additional oxi-
ation of the samples under laboratory conditions. Comments by
ernandez et al. (2007a, b) indicate that this effect was minimised
s far as practicable and the results were considered not to be
nvalidated by this effect.
Fernandez et al. (2007a, b) discussed the analysis and inter-
retation in full detail, however, the following key points can be
stablished:
1) The Opalinus clay water is marine one in origin and has a back-
ground salt concentration of 0.3–0.4mol/L.
2) From supporting work cited in Fernandez et al. (2007b), chlo-
ride is expected to be present between 0.62 and 0.55 of the
free porosity, termed as the “chloride porosity ratio”, and was
assumed to occur primarily from anion exclusion processes.
3) There is a considerable increase in concentration and the abso-
lute amount of chloride salts close to the tunnel wall (Fig. 5).
While the boreholes are constructed at different locations in
the tunnel, and at each time, the proﬁle of chloride is quite(chloride/rock), which are consistent with the measurement
ig. 5. Chloride borehole data plotted for all available boreholes and coloured by
he four sampling times.
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Fig. 6. Br/Cl and SO4/Cl ratios in pore water obtained in boreholes from the VE. BVE
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coreholes are from the ventilation tunnelwith depth from the tunnelwall indicated,
WS and BDI boreholes are water saturated and from elsewhere in the URL (from
ernandez et al., 2007b).
technique, and are reproduced from Fernandez et al. (2007a,
b).
4) There is a signiﬁcant increase in sulphate that is also close to
the tunnelwall. However, because the ratio of sulphate to chlo-
ride is constant in water saturated samples at approximately
0.05 (the value for seawater), it is clear that the increase in sul-
phate is in excess of the relative increase observed in chloride
concentration (Figs. 6 and 7).
.2. Data interpretation
The conceptual interpretation of the chloride evolution is rel-
tively simple, assuming that chloride can be treated as a fully
onservative tracer. Evaporation of water at the tunnel wall and
ithin the pores causes the chloride to become locally concen-
rated as the solutes do not leave the rock with the water vapour.
he desaturation and lower water pressures at the tunnel wall
ausemorewater containing chloride toﬂowtowards the tunnel by
dvection. This inﬂowing water causes not only the chloride con-
entration in pore water to rise through reduction in the volume of
ater in which the chloride is dissolved, but also the total amount
f chloride associated with a given rock mass. The creation of a
oncentration gradient of chloride in pore water generates back-
iffusion of solutes into the host-rock away from the tunnel. The
wo competing processes of advective inﬂow and diffusive outﬂow
ill tend to move the chloride system to a steady state and create
he relatively stable proﬁle of concentration seen from the tunnel
all. There is clearly scatter in the data between boreholes at given
ig. 7. Sulphate concentration expressed as mg/kg (total rock concentration, tran-
cribed from Fernandez et al., 2007b).
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imes, but the relatively few data points are given. For the uncer-
ainties in themeasurement techniques and the apparent scatter in
ach proﬁle, it is difﬁcult to construct an argument for structured
eterogeneity in the system on the basis of these results.
For the sulphate system, it is likely that an oxidation reaction is
ccurringdue to the ingress of air into the region around the tunnel,
n addition to the advective/diffusion processes seen for chloride.
ncoming air induces an oxidation reaction in which the pyrite and
ypsum found in the rockmass produce an increase of the sulphate
oncentration. The geochemical arguments related to this process
re discussed in Section 6 and Fernandez et al. (2007b).
In order to progress modelling of the sulphate system, with all
he attendant uncertainties in process and parameterisation, it was
rst necessary to gain conﬁdence in the basic transport processes
y understanding and representing the signiﬁcantly simpler non-
eactive system. Hence, the ﬁrst area of work considered just the
hloride system which is independent of the reactive system.
. Non-reactive conceptual and process model: chloride
.1. Chloride porosity and migration
The conceptual model for chloride migration was taken directly
rom the interpreted behaviour described by Fernandez et al.
2007b) and restated in Section 3. However, one area of particular
oncern was the representation of the so-called chloride poros-
ty. An often reported feature of argillaceous materials is that the
ater-ﬁlled porosity of the system is not the same as the porosity
stimated from other methods, most notably geochemical meth-
ds (Pearson, 1998). The reason for this disparity can come from a
umber of sources but fall into two general classes. The ﬁrst is an
lectrochemical exclusion process whereby charged anions (such
s chloride) become excluded from part of the total available water
ue to the net negative charge on clay surfaces. The second process
s related, and comes from the observation that all of the water in a
laystone is not presented as free water in open porosity. Instead,
epending on the clay, saturation, geochemistry and stress state,
ater may be presented in the interlayers between clay layers, or
ay be adsorbed to the surface of the clay. In these alternative
hysical forms of water, ions may also be excluded.
Fernandez et al. (2007b) gave an Opalinus clay “chloride poros-
ty ratio” ranging between 0.55 and 0.62, the scaling factor applied
o the total porosity to estimate the effective geochemical porosity
f chloride. Thus, for the Opalinus clay and other claystones, a con-
eptual evaluationmust bemade and reﬂected in themathematical
epresentation of charged species migration through advection
nd diffusion. Consistent with Fernandez et al. (2007a, b), con-
entrations of chloride in groundwater are calculated using the
on-excluded water volume, rather than the total water volume.
.2. Mathematical model
The mathematical model comprises two processes: advection
nd diffusion. In addition to the HM model, which may be found in
aritte et al. (2013), the equations governing the basic model are
gdiff,i = −ADEff,i∇Ci
gadv,i = qliquidwaterCi
DEff,i = Dw,iSw


⎫⎪⎪⎬
⎪⎪⎭ (1)here gdiff,i is the diffusive ﬂux of species i (mol/s), gadv,i is the
dvective ﬂux of species i (mol/s), Ci is the concentration of species
inwater (mol/m3),DEff,i is theeffectivediffusioncoefﬁcient (m2/s),
is the total area of porous medium transfer (m2), qliquidwater is the
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olumetric ﬂux of liquid water (m3/s),  is the available porosity
including any geochemical porosity effects),  is the tortuosity,
w is the water saturation, and Dw, i is the free water diffusivity of
pecies i (m2/s).
The principal uncertainty in the formulation is in the speciﬁca-
ionof the correct liquidwaterﬂowratewith regard to thepotential
onceptual importance of multiple types of porosity. Because the
hloride exclusion porosity implicitly includes a number of differ-
nt processes, including having water bound by interaction with
welling clays and anion exclusion, the effective advective water
ux for chloride transport could be:
1) Non-chloride water bound, physical partitioning dominates:
advective water transport takes water from only the chloride
porosity. This model assumes that the water not associated
with chloride is physically bound to the rock matrix, dom-
inantly as interlayer water (as one might expect in a fully
saturated bentonite). Therefore, in this model, all the advective
migration of water is associated with the chloride transport,
leading to proportionally higher transport velocities.
2) Non-chloride water free, electro-chemical partitioning dom-
inates: all water is advected, and hence the ﬂux of water
calculated is applied to all water, not just the chloride associ-
ated water. This model assumes the partitioning is essentially
an electro-chemical process related to chloride and does not
involve any differing physical forms of water. Therefore, in this
model, the advective migration of water is proportionally par-
titioned between the water associated with the chloride and
non-chloride porosity, leading to slower transport velocities
than physical exclusion model, i.e. the conventional velocity
v=qliquidwater/(A) calculated using the total available porosity.
3) Combination model: some interpolation between the two end-
members aboveusing some formofmixeddual porositymodel.
The working assumption, given the available information pre-
ented by Fernandez et al. (2007a, b), was that the anion exclusion
rocesswould dominate the observed chloride porosity. Therefore,
or a starting point the electro-chemical exclusionmodel should be
he reference assumption and other models should be investigated
s process sensitivities. It should be noted that when considering
nly concentrations of chloride in groundwater as the principal
utput from the analysis (rather thanmass of chloride per unit rock
ass, for example), and when using the electro-chemical exclu-
ion model, the chloride porosity scales out of Eq. (1) and can be
eglected.
Some consideration was given to the potential for water trans-
ort through osmotic effects (Bader and Kooi, 2005). However,
hrough simple hand calculations of potential water ﬂux rates
ersus those seen in the HM modelling, it showed that osmotic
ater ﬂuxes would only contribute signiﬁcantly less than 1% of the
M ﬂow rates for the concentration contrasts observed. For this
eason, the osmotic water ﬂuxes were not considered and hence
ny coupling between the chloride concentration andwatermigra-
ion could also be neglected.
t
a
t
p
able 2
nput parameters for the Quintessa QPAC chloride model.
Chloride porosity ratio Background chloride
concentration (mol/L)
0.575
(Fernandez et al., 2007a, b)
0.35
(Fernandez et al., 2007a, b)eotechnical Engineering 5 (2013) 44–57
.3. Numerical implementations
The equations given in Eq. (1) were already available in the
odes used for the HM analysis, and hence calculations were rel-
tively simple to perform for all teams. Two general approaches
ere adopted for implementation:
1) Direct addition of the tracer transport process model to the HM
formulation.
2) Re-use of the same grid as used for the HM calculations, but
simply transposing the liquid water ﬂuxes and water satura-
tions from the HM calculations as input to the tracer transport
model.
Given there is little opportunity for coupling between the pro-
ess models, both methods are functionally equivalent provided
he ﬂux transposition for the second method is at sufﬁciently ﬁne
ntervals.
. Summary of main chloride results
Chloride results were calculated by all the teams participat-
ng in the task. For ease of discussion, a single representative set
f results is presented and variations from this will be discussed
ubsequently.
.1. Representative inputs and results
The model parameterisation and results for the Quintessa one-
imensional (1D) cylindrical model in QPAC (Maul, 2010), which
ncluded an explicit representation of the tunnel, are presented
ere as a referencepoint, having alreadybeendemonstrated to give
good predictive mass balance and representation of tunnel RH
cross Phases 1 and 2 of the VE (Bond et al., 2013). The QPAC model
sed a monolithic approach in this case and appended the tracer
ransport module to the existing 1D multiphase ﬂow (MPF) and
echanical calculations, using the liquidwaterﬂowsandwater sat-
rations from the MPF directly. As discussed in Bond et al. (2013),
he model contained 39 ﬁnite volume compartments in the cylin-
rical representation of the host-rock, down to sub-centimetres
cales close to the tunnel, increasing approximately geometrically
o tensofmetres at theouter radial boundary. The inputparameters
re listed in Table 2.
Boundary conditions were purely advective on the outer cylin-
rical boundary of the model (with no-ﬂow in the axial direction,
onsistentwith the hydraulicmodel) andno-ﬂowacross the tunnel
oundary, assuming that no chloridewas lost through evaporation.
The results at the time of the four drilling campaigns are com-
ared with the equivalent experimental results in Fig. 8. The
onsistency between the numerical results and the experimental
ata is clearly very good, and it is encouraging that features such as
he localised peak seen on 9 October 2006 (compare Figs. 5 and 8d)
re replicated by the model. This result lends considerable support
o theHMresults, and provides a high degree of conﬁdence that the
rocess representations are well captured by the numerical tool.
Free water diffusion
coefﬁcient (cm2/s)
Tortuosity
2×10−5
(Appropriate estimation –
various sources)
3.6
(Estimation – various sources,
minor calibration parameter)
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transport parameterisation and process models, and in general all
replicate the major features of the experimental observations.Fig. 8. Comparison of calculated chloride rock mass con
.2. Consistency in results, process models and parameterisation
In addition to the resultspresentedabove, calculationswerealso
onducted using the CAST3M ﬁnite element code (Verpeaux et al.,
989; CEA, 2008), THAMES ﬁnite element code (hydro-mechanics)
oupled with Dtransu (transport) and OpenGeoSys (University
f Edinburgh and Helmholtz Centre for Environmental Research,
ttp://www.rockﬂow.net). As discussed in Garitte et al. (2013), the
eneral hydraulic behaviour was found to be consistent across the
odelling approaches and hence the primary inputs to the trans-
ort calculations of modelled porosities and groundwater ﬂow
elocities were expected to be coherent across codes and teams.
he primary difference in formulation between teams came in the
reatment of the effective chloride porosity. Most teams simply
eglected the effective porosity component in their calculations,
ence implicitly assuming anion exclusion dominance in the chlo-
ide porosity. The exception was the QPAC model which explicitly
ncluded the chloride porosity and enabled the process conceptual
odel uncertainty to be explored. With the exception of the chlo-
ide porosity, the selection of parametric inputwas consistentwith
hat given in Table 2 for porosity and the free diffusion coefﬁcient.
owever, it appears that the THAMES and CAST3M models used a
ortuosity of 1 rather than 3.6, effectively increasing the diffusivity
f the system for these two models.
Characteristic example results between the four teams are
hown in Fig. 9, with the measured chloride water concentra-
ion data for the appropriate time period. As discussed previously,
ote that chloride concentrations were not measured directly
ut inferred from whole-rock analysis and assumptions concern-
ng effective chloride porosities and estimated water saturations
Fernandez et al., 2007a, b).
The proﬁle produced by all teams is broadly similar, show-
ng chloride elevation out to just beyond 1.1m from the tunnel
Fations versus the experimental data at different dates.
entre (0.45m from the tunnel wall) with molar concentrations
etween 0.5 and 0.8mol/L at the tunnel wall, with the CAST3M
esults showing the largest zone of chloride elevation. The numer-
cal results effectively bracket the experimentally derived values.
nlike theCAST3MandOpenGeoSys results, theQPACandTHAMES
esults show an increase equivalent to approximately 0.05mol/L
onsistent with the different interpreted background concentra-
ions for the model as a whole and that derived from the whole
ock analysis for these three boreholes (other boreholes have dif-
erent derived background concentrations). Neglecting this offset,
he QPAC results would show a similar level of ﬁt shown in Fig. 8c,
lthough the THAMES results would fall below the experimental
roﬁles. The differences in observed concentrations appear to be a
ombination of differing diffusivity models and the differences in
he HM formulations (Garitte et al., 2013). Overall the results are
easonably coherent, given the known differences in hydraulic andig. 9. Comparison of calculated chloride water concentrations on 2 May 2005.
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.3. Key sensitivities and assumptions
A series of sensitivity and uncertainty analyses were performed
oth for individual codes and across the task participants. Themain
reas of investigation were:
1) Higher dimensionality: 2D or 3D models.
2) Alternative conceptual treatment of the chloride porosity.
3) General parameter sensitivity.
4) Sensitivity to hydraulic changes.
The general results of the analyses can be summarised as fol-
ows:
1) Theprimaryparameter sensitivitywas to the effective diffusion
coefﬁcient, primarily through the assumed free water diffusion
coefﬁcient and the tortuosity (Eq. (1)). Increasing the effec-
tive diffusivity tended to spread the zone of increased chloride
while reducing the peak value at, or adjacent to the tunnelwall.
This result is consistent with the differences in results between
models (Fig. 9) and the related minor parameterisation differ-
ences.
2) In cases where the hydraulic system was changed, provided
that the basic water balance was kept broadly consistent
with the experimental measurements, the chloride response
remained consistent. This illustrates the importance of the
advective component of water ﬂow concentrating chloride at
the tunnel wall. The differences shown in Fig. 9 appear largely
due to the small differences in the HM models as discussed by
Garitte et al. (2013) and Bond et al. (2013).
3) Changing the conceptual model to the “bound water” model
for the chloride porosity gave the expected result. This process
model effectively increases the advective velocity for the chlo-
ride transport. This tends to narrow the chloride peak close to
the tunnelwall and create higher bulk rock and dissolvedwater
concentrations by a factor of 1.25 greater than those seen in the
QPAC reference results (Fig. 9). This is not a major change and
within the bounds of conceptual and parametric uncertainty
arising from tortuosity in the diffusion model, for example.
4) Higher dimensionality models were run, looking at the likely
variation along the axis of the tunnel and spatially around
the tunnel perimeter, to consider whether we would expect
to see a structured variation in the concentration data. The
conclusion of such analyses was that while structural varia-
tion could clearly be induced in the models. The magnitude of
expected variation was relative small (a factor of about 1.5 in
peak rock mass concentrations at the tunnel at most, Fig. 10),
most obviously along the axial direction of the tunnel andmuch
ig. 10. Comparison of calculated chloride rock mass concentrations at 1, 5 and
m along the long axis of the tunnel using a 2D (radial, axial) representation of the
ystem in QPAC.
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pig. 11. Comparison of calculated chloride water concentrations at 1, 5 and 9m
long the long axis of the tunnel using a 2D (radial, axial) representation of the
ystem in QPAC.
less for water chloride concentrations (Fig. 11). It would be dif-
ﬁcult to distinguish such a trend in the available data, given the
observed “scatter” through various uncertainties in the analy-
sis approach and the relatively small amount of data available,
especially at early times.
.4. Non-reactive transport summary
Using the available data, it has been relatively straight-forward
o produce a transport model that reﬂects the available data for
ll the teams involved in the task. This indicates that the basic
ydraulicmodel and chloride conceptualmodel are robust and add
onﬁdence to the overall performance of the model. The results
o indicate that in general it is largely insensitive to the major
arameters, being more inﬂuenced in the underpinning hydraulic
odel.
Such a result gives sufﬁcient conﬁdence in the non-reactive
ransport calculation to attempt the signiﬁcantly more complex
nd less well constrained reactive transport analysis.
. Reactive conceptual and process model: sulphate
Of the teams that participated in modelling the VE for DECO-
ALEX, only Quintessa attempted the full reactive transport
odelling component (some initial geochemical models were
eveloped by JAEA using the THAMES code, but full results were
ot available at the time of writing), thus all following discussions
elate purely to this model. The model developed was a recon-
aissance or prototype model using QPAC (Maul, 2010), designed
o investigate the plausibility of a redox–pyrite–gypsum model in
escribing the observed evolution of the sulphate.
.1. Approach
As was noted previously, for these initial calculations it is
ssumed that the feedback of the chemical processes on the
ydraulic calculations is weak. In particular, it is assumed that the
ate at which oxygen is dissolved into the water and takes part in
edox reactions is not sufﬁcient to signiﬁcantly alter the O2 par-
ial pressure in the pores due to a relatively rapid re-supply of
2 through the connected gas (air) body to the tunnel (which is
ssumed tohomogenisequickly compared tootherprocesses in the
ystem). Since there is no assumed coupling back to the hydraulic
alculations, the reactive transport calculations can simply use the
eported ﬂuxes, air pressures and saturations from pre-existing
uns as input (similarly to the chloride calculations), with oxygen
artial pressures calculated assumed 21% O2 in the gas phase.
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The geochemical sub-system is deliberately kept simple for
hese prototype calculations. The key process of interest is the
yrite oxidation (FeS2), since this is likely to exert the strongest
ontrol over O2 concentrations in the pore water. The pyrite oxida-
ion reaction can be represented as
eS2(s) + 3.75O2(aq) + 0.5H2O = H+ +2SO42− + Fe3+ (2)
Pyrite oxidation will release sulphate to the pore water and
educe pH value. Sulphate concentrations in the pore water will
ary according to the rate at which sulphate is supplied from oxi-
ation of pyrite and the rate at which it is transported through
he system. Transport is a consequence of advection by the bulk
ovement of water through the pore space and diffusion in the
ulk water. Sulphate concentrations will be expected to be highest
here oxygen is abundant, leading to the greatest amounts of dis-
olution of pyrite, and so are expected near the tunnel wall where
here is a strongly connected gas phase. Concentrations will also
ecome more elevated as a consequence of evaporation at the tun-
el wall, although this process is not represented in the prototype
odel.
Dissolved O2 concentrations will be transported similarly but
re also subjected to a source of oxygen from dissolution wherever
ree gas is present in the pore space. Dissolution is represented
s a kinetic process that attempts to achieve a target equilibrium
ctivity of dissolved O2 in the pore water that is calculated from
he O2 fugacity.
In addition to pyrite, calcite (CaCO3(s)), quartz (SiO2(s)) and
lbite (NaAlSi3O8) are included in themodel to represent the solids
resented in the host rock. All minerals are modelled kinetically.
alcite will tend to buffer pH value in the model by dissolving.
uartz and albite are expected to be relatively inert.
Although the intention is to keep the geochemical system
imple, in order to properly represent the redox system, several
queous species are included in the model. 12 basis species are
ncluded in themodel togetherwith 31 complex and redox species,
esulting in around 50 geochemical species per compartment.
The reactive transport module in QPAC has been designed to
nable interactions of groundwater and other subsurface ﬂuids
ith rocks and man-made materials to be modelled. In an open
ystem (i.e. systems other than “closed-box” batch-type systems)
he interactions in the water-rock system are represented by non-
inear reactive transport equations, which couple the ﬂuid ﬂow
nd transport equations to equations representing the geochem-
cal reactions between the pore water components and the solid
aterials. The model is fully coupled (rather than being imple-
ented as a two-step process as in some other modelling codes)
nd allows alteration processes in the rock and man-made mate-
ials feed back into the ﬂuid ﬂow equations through variations in
orosity and other material properties such as permeability and
ortuosity (although this option is not used in the current calcula-
ions).
Effects on other rock properties can be inferred, such as the loss
n the swelling capacity of bentonite clays as monovalent sodium
ons are replaced by divalent calcium ions.
The module includes models for both homogeneous reactions
ithin the ﬂuid and heterogeneous interactions between the ﬂuid
nd minerals. In ﬂuids the following processes are simulated:
1) Aqueous complexation: the process by which signiﬁcant frac-
tions of the dissolved species can occur as complex aqueous
species. These reactions are faster compared to ﬂuid ﬂow, and
are represented by equilibrium equations expressing laws of
mass action.
2) Activity of species: the module incorporates models for low
activity solutions (for example, the Davies equation (Zhu and
d
Jeotechnical Engineering 5 (2013) 44–57 51
Anderson, 2002)) aswell as the Pitzervirial equations for higher
concentration solutions (Harvie et al., 1984) which augment
the standard Debye–Hückel activity model (Zhu and Anderson,
2002) with the addition of terms that describe the interaction
between individual ion pairs and triples.
The model includes several potential ﬂuid–rock interaction
rocesses, including solid solutions, ion-exchange, surface com-
lexation and precursor cannibalisation. However, in the simple
imulations considered here, the only relevant processes are min-
ral dissolution and precipitation reactions, which are simulated in
he model using kinetics. In each case, a kinetic rate is deﬁned as a
unctionof the in situporewater conditions, typicallydependingon
he saturation of the mineral (a measure of its tendency to dissolve
r precipitate at the in situ conditions), activities of key species (e.g.
+, OH− or O2(aq)) and a rate constant. The precise treatment of
he kinetics in this modelling study is discussed in Section 6.2.3.
s minerals precipitate/dissolve, corresponding amounts of their
omponent aqueous species are removed or introduced to the pore
ater to conserve the total mass.
Aqueous species are free to diffuse in the pore water and be
ransported by advection and dispersion when the water is ﬂow-
ng. In this study, Darcy pore water ﬂuxes are obtained from the
M ﬂow modelling, and use the same ﬂows for the chloride calcu-
ations.
.2. Geochemical model and parameterisation
.2.1. Pore chemistry
For the purposes of this simple model, the Opalinus clay is
ssumed to be composed of albite (71%), quartz (14%), calcite (13%)
nd pyrite (2%). As previously mentioned, albite and quartz are
xpected tobe relatively inert. The initial porewater composition in
he model was calculated in a separate PHREEQC calculation using
he llnl.dat thermodynamic database assuming calcite and pyrite
quilibrium, with Na and Cl concentrations reported by Fernandez
t al. (2007b, BVE-102) with charge being balance on pH value. The
omposition is given in Table 3 and is consistent with the previous
HREEQC modelling reported by Fernandez et al. (2007b), which
tself is consistent with the available groundwater composition
ata.
.2.2. Subsystem couplings domain and boundary conditions
As stated earlier, couplings between the hydraulic subsystem,
n which the MPF module calculates ﬂows, and the reactive geo-
hemical subsystem, in which the reactive transport (RT) module
imulates geochemical reactions and solute transport, are assumed
o be one way with chemical reactions and alteration having no
irect feedback on hydraulic properties in this preliminary version
f the model. The key couplings are that:
1) Pore water ﬂuxes calculated by MPF model are used by RT
model in its solute advection formulation.
2) Air pressures calculated by MPF model are used to derive O2(g)
fugacities and hence dissolved O2(aq) activities, which are then
used as targets for dissolution processes.
3) Air saturations calculated by MPF model are used to identify
regions with negligible gas in the pores (dissolution processes
are not simulated in regionswith air saturations less than 0.01).The implementation of these relationships is as follows. The
iffusive-advective transport ﬂux in the RT module is given by
RT,i = −w(D∇ci − qRTci) (3)
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here w is the pore water density (kg/m3), D is the diffusion coef-
cient (m2/s), qRT is the Darcy velocity (m/s), and ci is the molality
f the solute species (mol/kg) for each solute species i in the geo-
hemical subsystem. The RT Darcy velocity can be related to the
PF water ﬂuxes, qMPF,w(r, t) (kg/year), by
wA(r)qRT(r, t) = qMPF,w(r, t) (4)
here A(r) is the transport area in the discretisation, which is given
y the area of the common interface over which the ﬂux applies.
O2 fugacity is derived from the MPF air pressure using an ideal
as assumption:
O2 (r, t) = 0.21PMPF,g(r, t) (5)
here PMPF,g(r, t) is the MPF gas (air) phase pressure in bars. The
arget dissolved O2(aq) molality that is implied by the MPF gas
hase pressure is
target
O2(aq)
(r, t) = fO2(r, t)KO2(g) (6)
here KO2(g) is the O2(g) equilibrium constant at the in situ tem-
erature (taken to be 25 ◦C due to availability of thermodynamic
ata for Fe species). The introduction of O2 into the pore water is
epresented by a source term for O2(aq) in the geochemical subsys-
em driven by the difference between the target and actual in situ
2(aq) molality, given by
O2(aq)(r, t) = f [sMPF,g(r, t)]kdissolve · [c
target
O2(aq)
(r, t) − cactualO2(aq)(r, t)] (7)
here kdissolve is the dissolution rate (year−1), sMPF,g(r, t) is the MPF
as saturation, and f[sMPF,g(r, t)] is a “cut-off function” that is used to
isabledissolution in regionswhere thegas saturation is lower than
%. Since there are trace quantities of gas present at all locations in
he multiphase ﬂow formulation in MPF, that would not contribute
owards a genuine source of dissolved gas.
To fully couple the RT and MPF processes, all that would be
ecessary would be to insert a sink term into the MPF model cor-
esponding to the RT source term and to implement a coupling
o represent loss of solvent in the RT module due to evaporation.
hat would reﬂect the rise in concentrations as evaporation occurs
ear the tunnel wall. These couplings would be relatively simple
o introduce into a future version of the model, should it be desir-
ble. Evaporation processes have been implemented in a bespoke
odels in previous applications of the RT module (Savage et al.,
010).
The modelling domain was the same as 1D cylindrical domain
f 39 compartments used for the chloride calculations. Reactive
ransport boundary conditions at the tunnel wall assume a zero
olute concentration gradient in the pore water. This means that
ll transport out through the tunnel wall is purely advective, i.e.
olutes are carried out through the tunnelwall in any (liquid)water
hat leaves the system via that route, which in the current parame-
erisation is zero, i.e. all water exchange with the tunnel is through
vaporation/precipitation and water vapour migration processes.
At the boundary in the host rock (60m into the rock, Fig. 4),
ﬁxed Opalinus clay pore water composition is applied, leading
o an advective boundary condition when MPF water ﬂows are
nwards and a diffusive ﬂux when the boundary solute concen-
rations differ from the solute concentrations in the adjacent cells
n the model. The ﬁxed pore water composition was calculated in
separate PHREEQC calculation using the llnl.dat thermodynamic
atabase (Johnson et al., 2000), assuming calcite and pyrite equi-
ibrium with Na and Cl concentrations reported by Fernandez et al.
2007b, BVE-102) and charge balance on pH value. The computed
omposition is shown in Table 3. This composition was also used
s the initial pore water composition in the rock at the start of the
alculations.
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Table 4
Mineral reactions and equilibrium constants.
Reaction log10 K (at 25 ◦C)
FeS2(s) + 3.750(aq) +0.5H2O=H+ +2SO42− + Fe3+ 225.89
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Fig. 12. Pyrite oxidation model ﬁt to measured data (top) and variation with pore
water O2 and H+ (bottom) (from Williamson and Rimstidt, 1994). Selected model
ﬁ
N
w
t
v
w
D
wCaCO3(s) +H =Ca +HCO3 1.85
SiO2(s) = SiO2(aq) −4
NaAlSi3O8(s) + 4H+ =Al3+ +Na+ +3SiO2(aq) +2H2O 2.76
.2.3. Reference parameterisation
The model includes mineral reactions for pyrite, calcite, quartz
nd albite as shown in Table 4. The aqueous species included
n the pore water chemistry model are listed in Table 5. log10 K
ata for all aqueous and mineral species were taken from the
atabase (Johnsonetal., 2000).A temperatureof25 ◦Cwasassumed
hroughout to ensure availability of thermodynamic data, noting
hat this temperature is not very different from the 15 ◦C observed
t the tunnel wall, and in the context of all the other uncertainties
egarding the geochemical system, this is a relatively minor issue.
The aqueous reaction subsystem was modelled assuming
nstantaneous equilibrium in the aqueous phase for all species.
ineral evolution was simulated with kinetics. For pyrite, the rate
aw of Williamson and Rimstidt (1994) was used:
pyrite = −A(t)k
m0.5O2
m0.11
H+
(8)
here k is the rate constant and k=10−8.19 mol/(m−2 s), mi is the
olality of the subscripted species, and A(t) is the time-dependent
eactive surface area of pyrite (m2). The ﬁt of this model for pyrite
xidation to measured data, and the variation of the rate with O2
nd H+ in the pore water are shown in Fig. 12.
Calcite dissolution and precipitation are modelled using a reac-
ion based on departure from equilibrium from Busenberg and
lummer (1986):
calcite = A(t)k
(
Q
K
− 1
)˛
(9)
here the rate constant k=10−5.2 mol/(m−2 s) and ˛ is the param-
ter:
=
{
0.9 (Q < K, dissolving)
1.0 (Q > K, precipitating)
(10)
Quartz and albite are both simulated using transition state
heory (TST) based reactions with pH-dependent dissolution and
recipitation rates:
i = Ai(t)[ki,H+10−nipH + ki,OH−10−mi(14−pH)]
(
Q
K
− 1
)
(11)
able 5
queous species included in the model. Basis species are shown in bold text, redox
pecies are shown in bold italic text. log10 K data for all redox and complex species
re taken from thermo.com.V8.R6.230 (Johnson et al., 2000) at 25 ◦C.
Reaction
SiO2(aq)
Na+ , NaSO4− , NaHCO3(aq), NaCl(aq)
Ca2+ , CaHCO3+ , CaCO3(aq), CaSO4(aq), CaCl+
HCO3− , CO32− , CO2(aq)
SO42− , HS− , HSO4− , H2S(aq)
Mg2+ , MgSO4(aq), MgHCO3+ , MgCO3(aq), MgCl+
K+ , KSO4−
Fe2+ , Fe3+, FeCO3(aq), FeHCO3+ , Fe(OH)2+ , Fe(OH)3(aq),
FeOH4− , Fe(OH)2(aq), Fe(OH)3− , Fe(SO)4(aq), FeCl+
Al3+ , Al(OH)4− , Al(OH)3
O2(aq)
Cl−
H+ , OH− , H2O
m
i
s
6
m
l
T
Ct shown with the solid line. See Refs (Mckibben, 1984; Moses and Herman, 1991;
icholson et al., 1988; Smith et al., 1970).
here the subscript i refers to the mineral (albite or quartz) with
he values of the terms as given in Table 6. The rates are a ﬁt to
arious experimental datasets, as shown in Fig. 12.
Effective diffusion coefﬁcients (m−2 s−1) for all aqueous species
ere set to be
e = 10−10 (12)
here  is the in situ evolving porosity, which is within 10% of the
odel used for the chloride calculations.
Note that in thedefaultmodel asa simplifyingassumption, there
s no concept of a chloride porosity or other geochemical porosity,
o the full porosity is available for reactive transport.
.3. Numerical implementation
In this study, aqueousactivities are representedusing theDavies
odel, in which the activity coefﬁcient  i of species i is given by
√
og10 i =
−Azi I
1 + √I
+ 0.2Az2i I (13)
able 6
oefﬁcients in the reaction rate expression for albite and quartz.
Mineral ki,H+
mol/(m−2 s)
ki,OH−
mol/(m−2 s)
ni mi
Albite 2.38×10−10 2.31×10−10 0.4 0.38
Quartz 4.34×10−12 6.06×10−10 0.31 0.41
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here A is the Debye–Hückel constant (see for example Zhu and
nderson, 2002), zi is the charge of species i, and the ionic strength
is deﬁned as
= 1
2
∑
i
liz
2
i (14)
here li is the molality (mol/kg) of species i. The activity ai of
pecies i is then given by
i = ili (15)
Equilibrium conditions between the pore water species are
epresented by laws of mass action. These relate the equilibrium
onstant Kj of the j-th species to the activities by
j =
∏
i
a˛iji (16)
here˛ij is the stoichiometryof species i in the equation for species
. For this study, equilibrium constants have been taken from the
hermodynamic database thermo.com.V8.R6.230 (Johnson et al.,
000).
The aqueous species are organised in the thermodynamic
atabase so that reactions for all redox species can be expressed
n terms of a collection of aqueous “basis” species, and reactions
or all aqueous complex species and minerals can be expressed in
erms of only basis and redox species. With sequences B1, ..., BNB ,
1, ..., RNR and C1, ..., CNC used to index the basis, redox and com-
lex species respectively, the mass action equations for the redox
nd complex species become
Rj = a−1Rj
NB∏
i=1
a˛BiRjBi (17)
Cj = a−1Cj
NB∏
i=1
a˛BiCjBi
NR∏
i=1
a˛RiCjRi (18)
The activities of the redox and complex species appear with
ower (−1) in Eqs. (17) and (18) because the reactions are written
o that the redox and complex species always have stoichiometry
in their deﬁning reactions. The model includes several potential
uid–rock interaction processes, including solid solutions, ion-
xchange, surface complexation and precursor cannibalisation.
owever, in this study, the only relevant ﬂuid–rock processes are
ineral dissolution and precipitation reactions, which are simu-
ated in themodel using kinetics. A kinetic rate Gj (molm−3 year−1)
or the rate of change of the concentration mj (mol/m3 of total vol-
me) of the j-th mineral in the system is speciﬁed for j=1, ..., NM.
hen
j =
dmj
dt
(19)
j can be deﬁned as a function of the in situ pore water conditions,
ypically depending on the saturation of the mineral (a measure
f its tendency to dissolve or precipitate at the in situ conditions),
ctivities of key species (e.g. H+, OH− orO2(aq)) and a rate constant.
ence, Gj typically varies with time. The precise treatment of the
inetics in this modelling study is discussed in Section 6.2.2.
For each aqueous species i, the rate of change of the molality of
he porewater species is coupled to the kinetic change in the abun-
ance of the j-thmineral by a source/sink term Sij (mol kg−1 year−1)
ith magnitude:
ij =
−ijGj
w
(20)
7
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here ij is the stoichiometry of the i-th aqueous species in the
-th mineral species, and  is the total porosity of rock.
If we now distinguish the molalities of the aqueous basis, redox
nd complex species by bj(bj = lBj), cj(cj = lCj) and rj(rj = lRj), respec-
ively, then the mass conservation equations for the aqueous basis,
edox and complex species can be written as
∂
∂t
(wbj) = TBjG˜Cj −
NR∑
i=1
˛BjRiG˜Ri −
NC∑
i=1
˛BjCiG˜Ci −
NM∑
i=1
BjMiGi (21)
∂
∂t
(wrj) = TRj + G˜Rj −
NR∑
i=1
˛BjRiG˜Ri −
NC∑
i=1
˛RjCiG˜Ci −
NM∑
i=1
RjMiGi
(22)
∂
∂t
(wcj) = TCj + G˜Cj (23)
here the terms T*j are transport operators for the basis, redox and
omplex species (molm−3 year−1),whichwill bediscussed shortly;
nd the terms G˜∗j denote the rates of reaction of the redox and
omplex species (molm−3 year−1). As noted above, aqueous pore
ater reactions are assumed to be in equilibrium at all times, so
hese rates are effectively inﬁnite. They can be eliminated from
he mass conservation Eqs. (21)–(23) to give the following mass
onservation equation for basis species j:
∂
∂t
[
w
(
bj +
NC∑
i=1
˛BjCici +
NR∑
i=1
˛BjRiri +
NR∑
i=1
˛BjRi
NC∑
k=1
˛RiCkck
)]
= TBj +
NC∑
i=1
˛BjCiTCi +
NR∑
i=1
˛BjRiTRi +
NR∑
i=1
˛BjRi
NC∑
k=1
˛RiCkTCk
−
NM∑
i=1
BjMiGi −
NR∑
i=1
˛BjRi
NM∑
k=1
RiMkGk (24)
The system of Eqs. (17)–(19) and (24) provide NC +NR equa-
ions (from Eqs. (17) and (18)), NM equations (from Eq. (19)) and NB
quations (from Eq. (24)), which are sufﬁcient to characterise the
ystem.
The transport terms Tj are of the form:
j = ∇ · Fj (25)
here Fj is the diffusive–dispersive–advective ﬂuxes
molm−2 year−1), and we have
j = w[(D(eff)j + D˜jq)∇lj + qlj] (26)
here D(eff)
j
is the effective diffusion coefﬁcient of the j-th aque-
us species (m2/year), D˜j is the (longitudinal) dispersion coefﬁcient
m), and q is the Darcy velocity of the ﬂuid (m/s).
For the purposes of this study, dispersion coefﬁcients are
ssumedtobezero for all species, effectivediffusioncoefﬁcients are
ssumed equal for all species and Darcy ﬂuxes are obtained from
he multiphase ﬂow calculations (as described in Section 4). If dif-
erent effective diffusion coefﬁcients are chosen for each species,
he additional electrochemical ﬂux terms are required to ensure
harge balance.. Summary of main reactive transport results
O2 dissolution takes place in the model as the gas satura-
ion (from the MPF calculations) migrates into the host-rock. The
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fFig. 13. Progress of the O2(aq) front from dissolution of the free gas phase.
rogress of the gas saturation front is mirrored in the evolving
2(aq) concentration, which is plotted against time in Fig. 13. O2
issolution is only assumed to take place at gas saturations above
%. The location of the free gas front equates to the position of the
harp front in the O2(aq) curves, since dissolution is assumed to be
apid. By the end of 2006, a sharp front hasmigrated approximately
.25m into the rock (1.9m from the tunnel centre). The smoother
ow concentration front beyond the sharp front is a consequence
f diffusion of small quantities of the dissolved O2(aq) beyond the
ree gas front.
Fig. 14. Pyrite concentration, pH value and calcite concentration proﬁles.
Fig. 15. Sulphate concentration expressed as mg/kg rock (total rock concentration)
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at various dates: comparison against numerical results.
Pyrite dissolution takes place in the model wherever the O2(aq)
oncentration is elevated (Fig. 14a).Henceby late2006, somepyrite
issolution is seen at distances up to 1.25m in the rock. Adjacent
o the tunnel boundary, where O2 dissolution takes place for the
ongest duration, approximately 10% of the initial pyrite inventory
s dissolved.
Pyrite dissolution leads to a reduction in pH value in the pore
ater (Fig. 14b). By late 2006, the pH value falls to around 4.75 over
hort distances adjacent to the tunnel wall and to 5–5.5 over the
rst 1.1m of rock. A relatively small amount of calcite dissolution
akes place to buffer pH at these levels (Fig. 14c). Around 1.5% of
he calcite is lost over the ﬁrst 0.35m of rock. In the compartment
mmediately adjacent to the tunnel, there is a small amount of cal-
ite precipitation. This is most likely an artefact of the choice of the
ero gradient boundary conditions. There is no signiﬁcant alter-
tion of albite and quartz over the timescales that are simulated.
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The key output of interest is the sulphate content in the pore
ater, since this can be directly compared to measured data from
ernandez et al. (2007b). Measured and simulated sulphate con-
entrations are shown in Fig. 15. Given the scatter in the measured
ata, the ﬁt provided by the numerical model is reasonably good
nd is well within the range of the measured data. There are few
atapoints on 5 July 2002 with the simulated sulphate content
nderestimating concentrations at the tunnel boundarybutmatch-
ng reasonablywell in the 0.3–0.8m range. On 26 January 2004, the
odel over-predicts concentrations with respect to the bulk of the
atapoints in the0.2–0.9mrange, but falls aboutmid-waybetween
he measurements in the ﬁrst 0–0.2m.
On 9 October 2006, the spread in the measured data is signiﬁ-
ant. The simulated results fall approximately in the middle of the
nvelope of datapoints, although the majority of the datapoints lie
elow the simulated values, and although the simulated concen-
rations near the tunnel boundary ﬁt closer to the larger of the
easured datapoints in this range.
The reasonable ﬁt despite ignoring the concept of a reduced
eochemical porosity may lead to the conclusion that multi-
omponent transport processes are occurring, with different
queous species being advected at different rates. However, sul-
hate concentrations are likely to be affected mostly by mineral
nteractions (notably pyrite dissolution)with transport being a sec-
ndary effect. This can be seen in the concentration proﬁles in
ig. 15, where the hump in the proﬁle is mostly a consequence of
ocalised pyrite dissolution (andmirrors the pyrite dissolution pro-
les in Fig. 14a) with the localised peak near the tunnel boundary
eing primarily a consequence of advective transport. If a similar
ulphate porosity assumption was made, it would be likely to most
arkedly affect results where advection processes dominate, i.e.
ear the tunnel boundary. It would have the effect of reducing the
ocal peak,whichmight lead to a better ﬁt to the non-peak sulphate
oncentrations that were measured, but would not be expected to
ave a large effect on the main sulphate peak close to the tunnel
all.
Hence a single porosity scaling (for anions and cations to ensure
harge balance) may be adequate to improve the advection model
or all aqueous species and improve both the sulphate ﬁt near the
unnel walls and the chloride ﬁt in general. ‘Fine-tuning’ of the
yrite dissolution kinetics (such as surface area term)may lead to a
etter ﬁt in the next 1mof rock. These factors could be investigated
n any future updates to the models.
. Conclusions
The work presented in this paper builds on, and reinforces the
revious HM interpretation and modelling summarised in Garitte
t al. (2013) and Bond et al. (2013), by successfully modelling
imple conservative tracer transport of chloride and more reac-
ive transport of a pyrite–sulphate system under strongly variable
edox conditions, all within the context of multi-phase ﬂow in
orous media.
The comparison of simulated dissolved chloride concentrations
ata to measured values is especially encouraging, given the sim-
liﬁcation of the system, and this gives additional conﬁdence in
he underpinning HM modelling approach. While satisfying, the
rimary value of this analysis gives a strong basis for more com-
lex and conceptually uncertain reactive transport aspect of the
odelling work, by providing conﬁdence that the basic model forransport of dissolved species under MPF conditions is appropriate
or this case.
Building on the chloride analysis, a relatively simple represen-
ation of the key geochemical properties that are likely to have
M
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perated has been developed, namely, kinetic treatments of pyrite
issolution (releasing dissolved sulphate and reducing pH), calcite
issolution (pHbuffering), andsolute transportof reactiveandnon-
eactive species. The model includes a simpliﬁed representation of
ineralogy and pore water compositions and a relatively simple
reatment of reactive mineral surface area. However, based on the
omparison of measured with simulated data, the models provide
good representation of key processes.
The mutual cross-consistency of the HMC process system gives
highdegreeof conﬁdence thatmost aspects of the evolutionof the
E that were of direct interest at the inception of the experiment,
an be adequately understood, modelled and predicted.
cknowledgements
The work described in this paper was conducted within the
ontext of the international DECOVALEX Project (DEmonstration
f COupled models and their VALidation against EXperiments).
he authors are grateful to the funding organisations who sup-
orted the work. Quintessa Ltd. and University of Edinburgh were
upported by the Nuclear Decommissioning Authority (NDA), UK;
EA was supported by Institut de Radioprotection et de Sûreté
ucléaire (IRSN). The Japan Atomic Energy Agency (JAEA) and the
nstitute of Rock and Soil Mechanics, Chinese Academy of Sciences
CAS) funded DECOVALEX and participated in the work. The views
xpressed in the paper are, however, those of the authors and are
ot necessarily those of the funding organisations. The data used in
hisworkwere obtained in the framework of the ECprojectNF-PRO
ContractnumberFI6W-CT-2003-02389)under the coordinationof
NRESA (Empresa Nacional de Residuos Radiactivos).
eferences
ader S, Kooi H. Modelling of solute and water transport in semi-permeable
clay membranes: comparison with experiments. Advances in Water Resources
2005;28(3):203–14.
ond A, English M, Millard A, Nakama S, Chengyuan Z, Garitte B. Approaches for
representing hydro-mechanical coupling between sub-surface excavations and
argillaceous porous media at the Ventilation Experiment, Mont Terri. Journal of
Rock Mechanics and Geotechnical Engineering 2013;5(2), in press.
ossart P, Nussbaum C. Mont Terri project—heater experiment, engineered barrier
emplacement and ventilation experiment. Wabern: Federal Ofﬁce of Topogra-
phy Swisstopo; 2007.
usenbergE, PlummerLN.A comparative studyof thedissolutionandcrystal growth
kinetics of calcite and aragonite. In: Mumpton F, editor. Studies in diagenesis.
Washington: U.S. Geological Survey Bulletin; 1986. p. 139–68.
ommissariat à l’Energie Atomique (CEA). Cast3M. <http://www-cast3m.cea.fr/
cast3m/index.jsp>; 2008 [accessed 10.02.12].
ernandez AM, Melon AM, Villar MV, Turrero MJ. Geochemical characterisation of
the rock samples for the VE-test before a second cycle of drying. Ventilation test
phase II. NF-PRO Deliverable D 4.3.5, Marid, Spain; 2007.
ernandez AM, VillarMV,Melon AM. Geochemical characterisation of the rock sam-
ples for the VE-test after a second cycle of drying. NF-PRO Deliverable D4.3.26.
Marid, Spain; 2007.
aritte B, Bond A, Millard A, Zhang C, Mcdermott C, Nakama S, Gens A. Analysis
of hydromechanical processes in a ventilated tunnel in an argillaceous rock
on the basis of different modelling approaches. Journal of Rock Mechanics and
Geotechnical Engineering 2013;5(1):1–17.
arvie CE, Mller N, Weare JH. The prediction of mineral solubilities in natu-
ral waters: the Na-K-Mg-Ca-H-Cl-SO4-OH-HCO3-CO3-CO2-H2O system to high
ionic strengths at 25 ◦C. Geochimica et Cosmochimica Acta 1984;48(4):723–51.
ohnson J, Anderson G, Parkhurst D. Database “thermo.com.V8.R6.230”. Rev. 1.11.
Livermore, CA: Lawrence Livermore National Laboratory; 2000.
aul PR. The Quintessa multiphysics general-purpose code QPAC. Quintessa Report
QRS-QPAC-11, Warrington, UK; 2010.
cKibben MA. Kinetics of aqueous oxidation of pyrite by ferric iron, oxygen and
hydrogen peroxide from pH 1–4 and 20–40 ◦C. Dissertation, Pennsylvania State
University; 1984.oses CO, Herman JS. Pyrite oxidation at circum-neutral pH. Geochimica et Cos-
mochimica Acta 1991;55:471–82.
icholson RV, Gillham RW, Reardon EJ. Pyrite oxidation in carbonate-buffered
solution: I. Experimental kinetics. Geochimica et Cosmochimica Acta
1988;52:1077–85.
and G
P
S
S
VA. Bond et al. / Journal of Rock Mechanics
earson FJ. Geochemical and other porosity types in clay-rich rocks. In: Arehart GB,
Huston JR, editors. Water–rock interaction. Rotterdam: A.A. Balkema; 1998. p.
259–62.avage D, Benbow S, Watson C, Takase H, Ono K, Oda C, et al. Natural systems evi-
dence for the alteration of clay under alkaline conditions: an example from
Searles Lake, California. Applied Clay Science 2010;47(1/2):72–81.
mith EE, Shumate KS. Sulﬁde to sulfate reaction mechanism. Water Qual. Admin.
Water Poll. Contrl. Res. Study #14010-FPS-02-70; 1970.
W
Zeotechnical Engineering 5 (2013) 44–57 57
erpeaux P, Millard A, Charras T, Combescure A.Hadjian H, editor. A modern
approach of large computer codes for structural analysis. Los Angeles, USA:
AASMiRT; 1989. p. 75–85.illiamson MA, Rimstidt JD. The kinetics and electrochemical rate-determining
step of aqueous pyrite oxidation. Geochimica et Cosmochimica Acta
1994;58(24):5443–54.
hu C, Anderson G. Environmental applications of geochemical modelling.
Cambridge, UK: Cambridge University Press; 2002.
